Purpose: We determined the effect of shock wave lithotripsy (SWL) rate on treatment outcome in patients with renal and ureteral stones.
Treatment of patients with urinary calculi has undergone a dramatic change since the introduction of extracorporeal shock wave lithotripsy that proved to be highly effective with little morbidity. 1 Newer lithotriptors with the ungated shock wave technique (nonelectrocardiogram synchronized shock wave generation) allowed more rapid treatments. Currently administration of shock wave lithotripsy (SWL) at rates of 100 to 120 shock waves (sws)/per minute is commonplace in contrast to rates of 60 to 80 shock waves per minute in the original Dornier HM3 (Dornier Medical Systems, Munich, Germany). 2 The effect of shock wave (SW) rate on stone comminution has been assessed by many authors using a variety of in vitro and animal models. It has been demonstrated that decreasing the SW rate may improve stone fragmentation. [3] [4] [5] However, in vitro experiments may not have adequate reproduction of the environment of a stone within the kidney nor the state of shock wave transmission through the body. Our study tested the hypothesis that changing the SW rate alters the success rate after SWL in the clinical setting.
PATIENTS AND METHODS
Between June 2001 and February 2002, 156 patients were prospectively randomized to receive SWL using either a slow SW (60 pulses per minute) or fast rate (120 pulses per minute) using an electromagnetic Siemens Lithostar Multiline lithotriptor (Siemens AG, Munich, Germany). Inclusion criteria were patients with a single, radiopaque renal or ureteral stone not greater than 30 mm in maximum diameter.
A complete pretreatment evaluation and excretory urography were performed in all patients. Stone length was measured as the maximal stone diameter. Any patient with bleeding disorders, obstruction distal to the stone or severe uncontrolled urinary tract infection was excluded from study. Informed consent was obtained from all patients before treatment.
All patients were treated while under epidural, spinal or general anesthesia. Patients with renal or upper ureteral calculi were treated in the supine position. For lower ureteral stones patients were turned prone. Patients were discharged home the next day after a plain radiograph was obtained. All treatments were supervised by 2 urologists (KM and MS).
Followup data were collected and analyzed at the 3-month visit. Success was defined as being completely stone-free or having clinically insignificant gravel smaller than 2 mm. Patient characteristics, stone and therapy features were reviewed and correlated to success and SWL rates using the chi-square, Fisher exact and Mann-Whitney tests with differences considered statistically significant if p Ͻ0.05 ( were included in a logistic regression model (stepwise regression with backward elimination using likelihood ratio) 6 to identify the factors that independently affected the success rate.
RESULTS
The study included 114 male (73.1%) and 42 female patients (26.9%) with a mean age (ϮSD) of 42.1 (Ϯ13.3) years (range 5 to 75). All stones were single and radiopaque including 94 in the kidney, 62 in the ureter, 80 on the right side, 76 on the left, 123 new onset and 33 recurrent. Of the renal units 82% were normal or showing mild hydronephrosis. Mean (SD) stone length was 13.2 (5.9) mm (range 5 to 30).
Baseline variables including patient, stone and renal characteristics were comparable in both groups. However, the total number of shock waves required was statistically significantly lower in the slow rate group (p ϭ 0.004). However, treatment time was significantly shorter in the fast rate group (p ϭ 0.000, table 1).
The success rate was 94.2% in the whole patient population. It was 98.7% (75 of 76) in the slow rate group versus 90% (72 of 80) in the fast rate group (p ϭ 0.034). Stone-free state was achieved in 133 (85.2%) patients. Four factors had a statistically significant impact on the success rate including SWL rate (p ϭ 0.034), number of sessions (p ϭ 0.001), stone length (p ϭ 0.000) and total number of shock waves required (p ϭ 0.011, table 2). However, only the SWL rate and stone length maintained their statistically significant impact in multivariate analysis (table 3) . DISCUSSION Shock wave lithotripsy has been shown to be performed safely in an electrocardiogram gated or externally fixed rate signal generator (nongated) fashion. The effect of SW rate on stone comminution has been assessed by many authors using a variety of in vitro models. Wiksell and Kinn, using an electrohydraulic lithotriptor and ceramic spheres, reported that a SW interval of 0.4 seconds produced a few large fragments, whereas a 2-second interval shattered the spheres into many small fragments. 7 Greenstein and Matzkin used an Econolith 2000 lithotriptor (Medispec, Germantown, Maryland) on 118 ceramic stones at rates of 30, 60, 120 and 150 shock waves per minute at 3 energy levels (15, 20 and 22 kV). 3 The authors reported improved stone fragmentation at the higher energy levels (20 and 22.5 kV) and at lower rates (30 and 60 shock waves per minute) of SW delivery. Weir et al fragmented 12 mm standardized solid spherical blaster stones using a Dornier MFL 5000 lithotriptor at an energy setting of 20 kV. 4 More shocks were required for stone fragmentation at 117 shocks/per minute compared to 60 and 80 shock waves per minute.
Human kidney stones have also been used during in vitro studies of SW rate. Vallancien et al subjected single human kidney stones to a series of 3,000 shock waves at variable frequencies of 1.25, 2.5, 5 and 10 shock waves per second using the EDAP LT.01 piezoelectric lithotriptor (EDAP TMS, Lyon, France). 8 Better fragmentation of hard stones was achieved using slower frequencies of 1.25 and 2.5 shock waves per second at the cost of a longer mean treatment time. More recently Paterson et al assessed the effect of SW rate on stone comminution in vivo using artificial stones implanted into pig kidneys via upper pole percutaneous access. 5 They used SW rates of 30 and 120 shock waves per minute. Results showed that stone comminution is significantly improved by decreasing the rate of shock wave delivery.
Our stone-free rate (85.2%) compares favorably with that The study proves clinically that a slow SWL rate is associated with a significantly higher success rate (p ϭ 0.034) at a lower number of required total shock waves (p ϭ 0.004). Total treatment time was significantly longer in the slow rate group (p ϭ 0.000). Although the rate was reduced by 1 half, treatment time did not double due to the decreased number of shock waves required for successful stone fragmentation. Furthermore, we expect that the longer treatment time will be compensated by decreased retreatment sessions resulting from the improved success rate, albeit not demonstrated statistically in our study most probably because of the small number of patients. The exact mechanism responsible for a rate effect on the efficiency of SWL is still unknown. In SWL 2 basic mechanisms of stone fragmentation have been well documented, namely spalling at the posterior surface and at internal crystalline-matrix interfaces of a stone due to reflected tensile waves and cavitation erosion at the anterior surface of a stone due to violent collapse of bubbles. 10 -12 It has been suggested that an increased shock wave rate results in amplification of cavitation activity at the focus of a lithotriptor. 4, 13, 14 At fast rates of SWL bubbles generated by the incident SW may not have time to dissipate and, thus, combine with each other to form a bubble cloud. The persistent bubble cloud interferes with the transmission of incoming shock waves. 7 Although SWL is minimally invasive, it is not without acute complications and potential long-term risks of hypertension and renal insufficiency. 15, 16 Animal and cell suspension studies have shown that decreasing the SW rate may reduce the level of such tissue injury. Delius et al studied the effect of SW rate on canine kidneys treated with 3,000 sws at 20 kV using the Dornier HM3 lithotriptor. 17 The SW rates used were 100 sws and 1 shock wave per second. The animals were sacrificed 24 hours after lithotripsy and the fast rate was associated with a significantly greater renal parenchymal hemorrhage. Ryan et al compared the effect of 6,000 piezoelectric shock waves on rabbits using 2.5 and 20 shock waves per second lithotripsy rates. 18 The fast SWL rate was associated with significantly greater acute histological damage 24 hours after lithotripsy.
Human studies have also shown a decrease in the incidence of SWL induced renal injury and need for sedation or anesthesia when slower rates of SWL are used. Vallancien et al reported a reduction from 2.5% to 0.2% in the incidence of subcapsular hematomas when a slower rate of SWL was used. 8 Robert et al reported a statistically lower incidence of intravenous sedation and analgesia use for upper ureteral stones treated at the frequency of 1 rather than 4 shock waves per second using an EDAP LT.02 piezoelectric lithotriptor. 19 Furthermore, SWL associated renal injury and de- terioration of renal function were shown to be dose dependent and to increase proportionally with more treatment shocks. 20 Our study proves that a greater number of shock waves were required in the fast rate group with more tendency for renal injury.
CONCLUSIONS
Shockwave lithotripsy rate has an independent significant impact on the success rate after SWL. Decreasing the rate of shock wave administration increases the success rate of SWL at a smaller number of shock waves. We recommend the use of the slow SWL rate in the clinical setting based on the improved success rate and the assumed reduction in renal injury.
